ABSTRAm. Immediately after birth, glycolysis and lactate oxidation are the major source of ATP production in the rabbit heart. Although the ability of heart to oxidize fatty acid increases within days, glucose oxidation rates remain low in the first week after birth. To further examine the changes in energy substrate use in the newborn period, we developed a right and left ventricular isolated working heart model, in which 2-n k-old rabbit hearts were perfused with buffer containing 11 mM glucose, 0.8 mM palmitate, 0.5 mM lactate, and 100 pU/mL insulin. Hearts were perfused at a 7.5 mm Hg left atrial preload, a 4.5 mm Hg superior vena cava preload, a 30 mm Hg aortic afterload, and a 4.5 mm Hg pulmonary artery afterload. Glycolytic rates [measured as 'H20 production from (5-3H)-glucose] were 791 f 108 nmol/g dry weight. min-' (mean f SEM). Oxidation rates of glucose, lactate, and palmitate (measured as I4CO2 production from 14C substrates) were 94 f 15, 126 f 13, and 60 f 8 nmol/g dry weight.min-I, respectively. In these hearts, the majority of ATP production derived from exogenous sources was obtained from fatty acid oxidation (52%), whereas 11, 23, and 15% of ATP requirements were derived from glycolysis, glucose oxidation, and lactate oxidation, respectively. These studies demonstrate that by 2 wks of age in rabbits, fatty acids are the major source of energy in the heart. However, although the contribution of glucose oxidation to ATP production has increased compared with 1-or 7-d-old rabbit hearts, glucose oxidation rates are still low compared with adult hearts. (Pediatr Res 34: 735741,1993) Abbreviations CPT 1, carnitine palmitoyltransferase PDC, pyruvate dehydrogenase complex LDH, lactate dehydrogenase PAPSP, pulmonary arterial peak systolic pressure AoPSP, aortic arterial peak systolic pressure
Immediately after birth, the maternal supply of glucose and lactate ceases abruptly and newborns are fed milk, a diet that is high in fat and low in carbohydrates. From this time, newborns quickly develop the metabolic pathways for efficient oxidation of fatty acids by the heart. Immediately after birth, fatty acids are not the major energy substrate in newborn hearts (1-3), although the capacity of the heart to oxidize fatty acids rapidly increases (2-4). A low rate of fatty acid oxidation may in part be governed by low rates of mitochondria1 CPT I activity after birth ( 5 6 ) .
In rabbits, we recently demonstrated that before the maturation of fatty acid oxidation, glycolysis and lactate oxidation are the major sources of ATP production in the heart (2). Although glucose oxidation is a prominent source of ATP production in adult hearts, glucose oxidation rates are very low in the newborn heart (3). In contrast, lactate, which can be readily oxidized by fetal hearts (7, 8) , is a major source of ATP production in 1-and 7-d-old rabbit hearts (3) . In adults, lactate oxidation is thought to be less important as a source of ATP production, although higher concentrations of lactate can reduce the rate of release and oxidation of fatty acids (9, 10) . Lactate also decreases glucose oxidation, but to a lesser degree than fatty acid oxidation (10) . Although lactate is a potent inhibitor of both glucose and palmitate oxidation in newborn rabbit hearts (3, 8) , the relationship between carbohydrate and fatty acid metabolism in the developing heart has still to be clearly established.
Even though mechanical load to the right ventricle decreases immediately after birth, the systolic pressure of the right ventricle remains high during the early perinatal period. Because mechanical function and oxidative metabolism are closely linked in the heart (1 I), it is probable that right ventricular performance is an important determinant of myocardial metabolism. This may be particularly important in the newborn heart where the right ventricular load is high. To date, however, overall myocardial metabolism in which a work load is imposed on the right ventricle has not been studied in detail. Werner's group has used isolated working hearts perfused via the inferior vena cava to study myocardial metabolism in fetal and newborn pigs (I, 12) . We have also adapted this protocol to newborn rabbits to measure energy substrate use in the immediate newborn period (2, 3). However, the perfusion system is only suitable in the early neonatal period, because it requires that the foramen ovale remain patent.
The purposes of this study were I ) to develop a right and left ventricular isolated working heart model that realizes physiologic states experienced by neonatal hearts and 2) to further examine the changes in exogenous energy substrate use in the neonatal period. The biventricular working heart model developed in this study demonstrates that right ventricular performance is an 736 ITOI ET AL. important component of myocardial metabolism during the followed by an additional 40-min period in which a 4.5 mm Hg perinatal period. The increase in ATP demand produced by superior vena cava preload was applied. imposing a right ventricular load on the heart is selectively met Measurement of glycolysis, glucose oxidation, palmitate oxiby an increase in fatty acid oxidation. By directly measuring dation, and lactate oxidation. Glycolysis and glucose oxidation myocardial glucose, lactate, and palmitate oxidation in these were measured simultaneously by perfusing hearts with 100 mL hearts, we demonstrate that fatty acid and glucose oxidation of Krebs-Henseleit buffer containing 1 1 mM [5-3H/U-14Clglu-become the primary energy source of the heart by 2 wk of age in case ( IN) . Insulin (regular) was obtained was used instead of labeled glucose or palmitate. In all hearts, from Connaught Novo (Willowdale, Ontario, Canada). Hyamine quantitative I4CO2 production from appropriately labeled carbon hydroxide (1 M in methanol solution) was obtained from New substrates was determined by measuring both perfusate and England Nuclear Research Products (Boston, MA). Dowex 1X-gaseous I4C02 production (2, 3). Rates of oxidation were based 4 anion exchange resin (200-400 mesh chloride form) was ob-on the sp act of the radiolabeled I4C substrate in the recirculated tained from Bio-Rad Laboratories (Richmond, CA). ACS buffer. AS shown in Figure 1 , perfusate from a central reservoir Aqueous Counting Scintillant was obtained from Amersham is pumped to individual preload oxygenation chambers before Canada Ltd. (Oakville, Ontario, Canada). All other chemicals entering the heart. Perfusate released from each ventricle, which were obtained from Sigma Chemical Company (St. Louis, ~0 ) . contains the I4C02, flows laterally back into the central reservoir Heart perfusions. ~w o -~k -o l d New Zealand White rabbits through each afterload line. Perfusate overflow from each preload were separated from the doe on the morning of experimentation. chamber also returns to the central heart chamber. As a result, The animals were cared for according to the guidelines of the the I4CO2 in the perfusate is in equilibrium. The gaseous I4C02
Canadian Council on Animal Care. The body weight of these 2-released from each OXygenatOr is also quantitatively collected.
wk-old rabbits was 220 13 g, and heart was 1-23 0.07 Therefore, rates of oxidation metabolism are based on overall B.
I4CO2 production by the heart, based on the sp act of the I4C-Rabbits were injected with an overdose of Na-pentobarbital substrate in the perfusate. (60 mg/kg). When the rabbit totally lacked sensation, the thoracic G~Y~~~Y~~~ rates were determined by quantitatively measuring cavity was quickly opened and the heart and lungs were excised 'H20 production ('Hz0 is liberated at the enolase step of glycolwithout the pericWdium and placed in Krebs-Henseleit buffer. ysis). gl~cO1~sis, 3 H 2 0 was =parated from 3H-glucose Hearts were cannulated via the aorta and a retrograde (Langen-and 14C-gluc0se as previously described (l39 14)9 using columns perfusion was begun with Krebs-Henseleit buffer, pH 7.4, containing Dowex 1-X4 anion exchange resin suspended in 0.2 M potassium tetraborate. Glucose utilization was expressed as gassed with 95% 0 4 % C02 and containing 1 1 mM glucose, nmol metabolizedlmin .g dry weight-,. 100 rU/mL insulin, and 1.25 mM free Ca2*. The elapsed time filCulation of ATp production. steady state rates of ATp between the and initiating this from exogenous substrates were calculated using the perfusion never exceeded 30 The retrograde perfusion was steady state rates of glycolysis and glucose, lactate, and palmitate continued for 10 min, during which the opening to the left obtained from in which mM glucose, atrium was cannulated and lungs were removed. Hearts were 0.5 mM 0.8 mM palmitate, 3% albumin, and pu/ then switched to the classic working mode by initiating perfusion mL insulin were present in the perfusate. Values of mol of via the left at a 7.5 mm Hg left ATP produced/mol of glucose passing through glycolysis, 36 mol preload and a 30 mm Hg hydrostatic aortic afterload. At this of A~p produced/mol of glucose oxidized, 18 mol of ATP time, both the main pulmonary artery and superior vena cava produced/mol of lactate oxidized, and 129 mol of ATP prowere isolated and cannulated. The inferior vena cava was also duced/mol of palmitate oxidized were used. isolated, then ligated. To initiate flow to the right ventricle, Statislicalanalysis. Analysis of variance followed by the Krusperfusate was to the atrium via the.s!Wrior vena kal-Wallis test was used in the determination of statistical differcava cannula at the pressures indicated in the individual expen-ence in groups containing three or more sample populations. merits. A diagram of the biventricular working heart preparation The Mann-Whitney test was used for statistical significance of is shown in Figure 1. two group means. A value of p < 0.05 was considered as Heart rate and peak systolic Pressure development were con-significant. All data are presented as mean f SEM (number in tinuously monitored using a Gould P2 1 pressure transducer in-each group). line with the aortic or pulmonary outflow line. The rate-pressure product was calculated by multiplying peak systolic pressure by heart rate. Aortic and a pulmonary output were measured man-RESULTS ually from both afterload lines.
Two-wk-old rabbit heart perfusions. In this study, we chose a Perfusion conditions. Isolated biventricular working hearts preload for the left atrium of 7.5 mm H~ and an afterload for were perfused with Krebs-~enseleit buffer (pH 7.41, gassed with the left ventricle of 30 mm Hg. These parameters were used 95% 02-5% CO2. Perfusate contained 1 1 mM glucose, 0.8 mM because we have shown that they represent near maximal workpalmitate, 0.5 mM la*te, 1.25 mM free Ca2+, 100 P U /~L loads in neonatal rabbit hearts (2, 14). Afterload and preload insulin, and 3% BSA. Palmitate was prebound to the albumin. curves were initially performed to determine the optimal loading In an initid Series of experiments, hearts Were perfused at a 7.5 condition by which the hearts can maintain maximum function. mm Hg left atrial preload and 30 n~m Hg aortic afterload and a
To determine the most suitable right-side loading conditions superior vena cava and pulmonary artery afterload of either 4.5, (preload to right atrium and afterload to right ventricle), we 6.0, or 7.5 mm Hg (see individual experiments). In experiments chose from preliminary studies hydrostatic pressures of 4.5, 6.0, involving myocardial energy substrate use, hearts were perfused or 7.5 mm Hg. In these experiments, hearts were perfused at the for 20 min at a 7.5 mm Hg left atrial preload, 4.5 mm Hg same pulmonary arterial afterload used for the right ventricular pulmonary arterial afterload, and 30 mm Hg aortic afterload, preload. The criteria to determine the best loading condition were 1) PAPSP should be 30-40% of AoPSP, 2) over 90% of the initial left ventricular function should be maintained over the 50-min perfusion period, and 3) no decrease in hydrostatic pressure of left ventricular afterload should occur over the 50-min perfusion period.
SOURCE OF ATP PRODUCTION IN NEWBORN HEARTS r ------------------
Heart function in hearts perfused at a 4.5, 6.0, or 7.5 mm Hg superior vena cava preload and pulmonary arterial afterload is shown in Table 1 and Figure 2 . At a 7.5 mm Hg pressure, the PAPSP exceeded 50% of the AoPSP. In hearts perfused at 4.5 mm Hg and 6.0 mm Hg right-side loading pressures, the PAPSP was 34% of the AoPSP. In hearts perfused at a right-side pressure of 6.0 and 7.5 mm Hg, left ventricular function (expressed as heart rate x AoPSP) gradually decreased during 30 min of perfusion. Only hearts perfused at a 4.5 mm Hg superior vena cava preload and pulmonary arterial afterload maintained left ventricular function over the perfusion period (Fig. 2) . Based on these observations, we chose to use a 4.5 mm Hg superior vena cava preload and pulmonary artery afterload in subsequent experiments in which energy substrate preference was measured. Figure 3 shows the effect of imposing a right ventricular load on left and right ventricular function. Heart rate x PAPSP could be recorded before initiation of the right-side perfusion, because coronary emuent from the left-sided preparation was emptying into the right side and was ejected into the pulmonary circulation. An aortic and a pulmonary output were measured manually from both afterload lines. No change was observed in both AoPSP x heart rate and PAPSP x heart rate after initiation of the right-side perfusion (Fig. 3a) . On the contrary, the addition of the right-side perfusion increased mean flow rates from pulmonary artery dramatically (Fig. 36) .
Glycolysis and glucose oxidation rates in 2-wk-old rabbit hearts. Cumulative glycolysis throughout the perfusion period is shown in Figure 4 . )H20 production from (5-3H)-glucose was constant and cumulatively linear throughout the entire procedure. Steady state rates of glycolysis are shown in Table 2 . No increase was seen after initiation of the right-side perfusion.
Cumulative glucose oxidation throughout the perfusion period is shown in Figure 5 . I4CO2 production from (U-14C)-glucose was constant throughout the perfusion period. As shown in Table 2 , no increase in steady state glucose oxidation rates were seen after the initiation of the right-side perfusion. It should also be noted that glucose oxidation rates were substantially lower than glyco- Fig. 2 . Effects of various superior vena cava preloads and pulmonary afterloads on left ventricular function in isolated working hearts from 14dsld rabbits. Heart rate x aortic peak systolic pressure was measured in hearts perfused via both the superior vena cava and via left atrium as described in Materials and Methods. Left atrial preload and aortic afterload were 7.5 mm Hg and 30 mm Hg, respectively. Hearts were perfused with variable superior vena cava preload and pulmonary afterloads (4.5,6.0, and 7.5 mm Hg) for 30 min. Values are the mean * SEM (number in each group). *, significantly different than at the initiation of the perfusion. lytic rates in these hearts. This high ratio of glycolysis to glucose oxidation is similar to our previous work in 1-and 74-old rabbits, which suggests that in fatty acid-perfused hearts glycolytic rates are much higher than glucose oxidation rates (13, 14) .
Lactate oxidation rates in 2-wk-old rabbit hearts. Cumulative lactate oxidation rates are shown in Figure 6 . I4CO2 production from (U-14C)-lactate increased slightly after the initiation of the right-side perfusion. Steady state lactate oxidation rates are shown in Table 2 . A small but significant increase in lactate oxidation by the whole heart was seen after initiation of the right-side perfusion (Fig. 6, Table 2 ).
Palmitate oxidation rates in 2-wk-old rabbit hearts. Cumulative palmitate oxidation rates are shown in Figure 7 . I4CO2 production from (l-14C)-palmitate increased linearly during the left-sided perfusion, and then accelerated after initiation of rightside perfusion. Steady state palmitate oxidation rates are shown in Table 2 . A significant increase in palmitate oxidation by the whole heart was seen after initiation of the right-side perfusion (Fig. 7, Table 2 ).
Steady state ATP production in 2-wk-old rabbit hearts. Using the steady state rates of glycolysis, glucose oxidation, lactate oxidation, and palmitate oxidation shown in Table 2 , steady state rates of ATP production from exogenous sources were calculated in the 14-d-old rabbit hearts. As shown in Table 3 , addition of a right-side perfusion increased total ATP production by 50% (from 10 0 18 to 15 045 nmol/g dry. min-I. This increase in ATP production was primarily derived from an increase in palmitate oxidation. In hearts in which a right-sided perfusion was present, palmitate and glucose were the primary source of ATP production, contributing 75% of the total ATP production.
The mechanical work performed by the heart is the key determinant of ATP requirements. In this study, we developed and characterized an isolated biventricular isolated working heart model to study myocardial metabolism. Because of the significant size of the right ventricle of neonatal hearts (and therefore its contribution to overall metabolism), this experimental prep aration should prove useful in studying developmental changes in myocardial metabolism. Werner et al. (1, 8, 12 ) have previously characterized an elegant biventricular working heart experimental model to study metabolism in fetal pig hearts and in pig hearts obtained during the immediate newborn period. We have also adapted this experimental model to I-d-old rabbit hearts (2, 3). Unfortunately, this experimental preparation cannot be used for the heart older than 1 d, in which the foramen ovale is closed. The isolated heart model described in this study (Fig. 1) allows for the study of myocardial metabolism in a biventricular working heart beyond the immediate newborn period. Using this experimental model, we demonstrate that a substantial increase in overall exogenous energy substrate expenditure occurs if a right ventricular load is placed on 14-d-old rabbit hearts (a 50% increase). Furthermore, this ATP demand is met primarily by an increase in oxidation of fatty acids. Although lactate and glucose provide 4 1 % of ATP production in hearts in which the right side of the heart is not perfused, if a right ventricular load is placed on the heart, ATP production from these sources does not increase substantially.
Our data demonstrate that the transition from preferential lactate oxidation to preferential fatty acid oxidation occurs within the first 2 wk after birth in the rabbit. As shown in Table 3 , fatty acid oxidation provides over 50% of ATP requirements in 14-dold biventricular working hearts, whereas lactate oxidation provides only 15% of the ATP produced. This is in contrast to the 7-d-old rabbit, in which lactate oxidation provides 49% of ATP production in isolated left ventricular working hearts perfused with 11 mM glucose, 2 mM lactate, and 0.4 mM palmitate. Between I and 7 d after birth, the ability of the heart to oxidize fatty acids dramatically increases (2, 3). In the presence of 2 mM lactate, we have previously demonstrated that palmitate oxidation provides 39% of ATP production in 74-old heart (3). This compares to 36% of ATP production in the absence of a rightside load in this study (Table 2) . Another observation from both 74-old and 144-old rabbits is that glucose oxidation rates are very low. This may be due to a slower maturation of glucose oxidation than of fatty acid oxidation in the newborn period. It should be noted that the transition of substrate use in the heart P F 30000 -E? = * Hearts were perfused with l l mM glucose, 0.5 mM lactate, 0.8 mM palmitate, 3% albumin, and 100 rU/mL insulin. Glycolysis was measured from 'H-glucose, and glucose, lactate, and palmitate oxidation were measured from appropriately labeled 14C-substrates, as described in Materials and Methods. Values are the mean + SEM of the number of hearts shown in parentheses.
t Significantly different from hearts in which the right side was not perfused.
from lactate to fatty acid oxidation after birth is in keeping with the changes in circulating levels of these substrates after birth. Fatty acid concentrations in the blood are low in fetal life but rapidly increase in the suckling period to levels that are normally seen in adults (2, 15). In contrast, circulating lactate levels are high in fetal life and decrease dramatically after birth (15, 16) . The levels of lactate and palmitate used in this study are similar to the levels that are seen in the blood after birth (2, 16). Because of the increase in circulating fatty acids and the decrease in lactate levels, neonates must develop the metabolic pathways for efficient fatty acid oxidation in the heart. The exact subcellular changes responsible for the rapid maturation of fatty acid oxidation after birth, however, remain to be determined. In addition to changes in lactate and fatty acid oxidation after birth, there are also marked changes in myocardial glucose use. If rabbit hearts obtained immediately after birth are perfused with glucose, lactate, and palmitate, glycolysis provides over 50% of myocardial ATP production (3). In contrast, the simultaneous measurement of glycolysis and glucose oxidation in neonatal heart demonstrated that glycolytic rates far exceeded rates of glucose oxidation (3, 14) . This is suggestive of a decrease in flux through the PDC relative to flux through glycolysis. To date, however, no direct measurement of PDC activity has been reported in intact immature hearts. PDC activity, however, may be low during the suckling period, because the capacity for pyruvate oxidation, which reflects mainly PDC activity, increases in rat heart homogenates during maturation (17) . We have also observed that pyruvate oxidation activity in heart homogenates from mice increases acutely after weaning (Itoi T, unpublished observations). Although glucose oxidation rates are low in immature hearts, lactate oxidation rates can be substantial (3, 8) . This may be related to the amount of specific isoforms of LDH in the heart. The M-form of the LDH isozyme, which is especially geared to serve as a pyruvate reductase in tissues that are dependent on glycolysis, predominates in neonatal heart muscle (18) . In contrast, the properties of the H-form isozyme make this enzyme more efficient for the oxidation of lactate in tissues with an aerobic metabolism. Although we do not know the distribution of LDH isozymes in 2-wk-old rabbit hearts, the fact that lactate can be oxidized in spite of low concentration of perfusate lactate suggests that H-form LDH isozyme may predominant in rabbit hearts of this age.
Shortly after birth, the capacity of the heart to oxidize fatty acids increases in rats, rabbits, pigs, and calves (1-4, 19). Inasmuch as the rate of oxidation of octanoate, octanoylcarnitine, or palmitoyl carnitine is similar in mitochondria from hearts of fetal, newborn, and adult pigs (12, 20) , the increase in fatty acid oxidation could be localized at the step of CPT 1, which catalyzes the synthesis of acylcarnitine. CPT I activity itself, however, does not change with age in pig hearts (2 I), suggesting that regulation of CPT 1 may be important. Malonyl CoA, which is synthesized from acetyl CoA by acetyl CoA carboxylase, may be important in this regard, because it is a key regulator of CPT 1 in the heart (22, 23) . In liver, a dramatic decrease in malonyl CoA concentration and sensitivity of CPT 1 to malonyl CoA occurs after birth (24) . Whether this is the case in neonatal hearts has yet to be determined.
Because mechanical and energetic properties of the right ventricle are similar to those of the left ventricle (25) , it is reasonable to assume that addition of volume load to the right ventricle should increase oxygen consumption of the heart. Ascuitto et al.
(4) demonstrated a significant effect of ventricular end diastolic pressure on palmitate oxidation and suggested that the increased energy demands of the left ventricle were met partly through an increase in fatty acid oxidation. Although we did not see any change in right ventricular pressure in our hearts, it is likely that the area of the pressure-volume curve of the right ventricle increases when a right-side load is imposed on our hearts, result- ing in an increase in oxygen consumption. When the cardiac work load is increased, the ATP demand increases and the intramitochondrial NADHINAD' ratio decreases. This relieves inhibition of both PDC and the enzymes of 8-oxidation. Increased ATP demand during an increase in cardiac work load accelerates either glucose or fatty acid oxidation if these substrates are used individually in the isolated perfused adult rat heart (1 1).
When both glucose and fatty acids are provided to the heart, fatty acids decrease glucose uptake, phosphofructokinase activity, and PDC activity. In isolated working adult rats hearts, we have recently demonstrated that increasing work, either by increasing afterload or by inotropic stimulation, results in the extra ATP production being primarily derived from glucose oxidation (Collins-Nakai RL, Lopaschuk GD, unpublished observations). This suggests that even though fatty acids inhibit PDC an increase in intramitochondrial acetyl-CoA demand can be met from glucose oxidation. Significant increases in PDC activity are also observed in the electrically stimulated heart from adult guinea pig perfused with glucose plus fatty acid (26) . If lactate oxidation is considered, it has been shown that lactate inhibits fatty acid oxidation, although fatty acids do not dramatically depress lactate oxidation (9) . This is because LDH activity is considered to be marginally affected by the increase in NADH seen during an increase in fatty acid oxidation (27) . From this line of evidence, it appears that in the adult heart provided with glucose, fatty acid, and lactate, the increases in ATP production during increased work loads are observed through activation of PDC. In contrast, the result from this study would suggest that the most sensitive pathway for increasing ATP production in 14-d-old rabbit hearts is through the @-oxidation pathway. The major effect of increasing right ventricle work was an increase in fatty acid oxidation, which resulted in a 50% increase in ATP production in hearts. Acceleration of PDC flux by exogenous carbohydrates (both glucose oxidation and lactate oxidation) was not substantial when a right-side load was added to the heart. Whether this was due to the fact that the PDC is not yet fully mature has yet to be determined. In summary, this study demonstrated that by 2 wk of age, glucose and fatty acid oxidation are the major source of energy in rabbit hearts. Addition of a right-side perfusion, however, results in a selective increase in ATP production from palmitate oxidation. These observations suggest that by 2 wk of age in the rabbit, fatty acids become the primary energy substrate and the capacity of the heart to oxidize glucose has not fully matured.
